Electronic conduction through single molecules is affected by the molecular electronic structure as well as by other information that is extremely difficult to assess, such as bonding geometry and chemical environment. The lack of an independent diagnostic technique has long hampered single-molecule conductance studies. We report simultaneous measurement of the conductance and the Raman spectra of nanoscale junctions used for single-molecule electronic experiments. Blinking and spectral diffusion in the Raman response of both para-mercaptoaniline and a fluorinated oligophenylyne ethynylene correlate in time with changes in the electronic conductance. Finite difference time domain calculations confirm that these correlations do not result from the conductance modifying the Raman enhancement. Therefore, these observations strongly imply that multimodal sensing of individual molecules is possible in these mass-producible nanostructures.
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The molecular-scale limits of electronic conduction are of fundamental scientific interest and relevant to future technologies. Our understanding of electronic conduction through single small molecules has grown dramatically in the last decade thanks to improved techniques, including mechanical break junctions [1, 2, 3] single-molecule transistors (SMTs) [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] , nanoparticle dimers [20] , noise characterization [21] , and thermopower measurement [22] . A major complication in interpreting these experiments is the lack of local imaging or spectroscopic tools that can assess the environment and presence of the molecule of interest.
Over the same period, single-molecule spectroscopies have progressed substantially. In particular, surface-enhanced Raman spectroscopy (SERS) has been demonstrated with single-molecule sensitivity [23, 24, 25, 26] in random aggregates of metal nanoparticles, though this level of detection is very challenging to prove conclusively. The electromagnetic component of SERS enhancement results from the excitation of surface plasmons in the metal, leading to local fields at the molecule enhanced by a factor of g(ω) relative to the incident field. The Raman cross section is then enhanced by g(ω)
2 g(ω ′ ) 2 , where ω and ω ′ are the frequencies of the incident and Ramanscattered radiation, respectively. Electromagnetic SERS enhancements exceeding 10 12 are needed to approach single-molecule detection for many molecules without resonant Raman effects [27] .
Additional "chemical" enhancement is also possible due to electronic interactions between the molecule and the metal. The vibrational modes observed in SERS reflect both the molecule and the local environment and conformation of the molecule on the metal surface. Using a sharp tip to provide a very large local field enhancement, Raman sensitivity has approached the singlemolecule level [28, 29] . Very recently we found that nanoscale gaps between extended electrodes are very effective as extremely confined SERS hotspots and may be mass produced with relatively high yields. [30] In this paper we use these nanoscale gap structures to perform simultaneous measurements of electronic transport and SERS. In many previous papers [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] it has been established that conductance in such structures is dominated by roughly a molecular volume. The conductance as a function of time is observed to correlate strongly with the SERS signal in 11% of the junctions measured. Conductance changes correlate with sudden changes in the intensity of sets of Raman modes ("blinking") and with spectral diffusion of mode positions. The data suggest that both SERS and conductance changes are most likely due to changes in conformation and binding of an individual molecule. The combined data provide a great deal of information about the effect of molecular orientation and environment on both conduction and SERS, although a detailed understanding of this correlated information is indeed a very significant theoretical challenge. The most likely explanation for these results is that singlemolecule multimodal sensing is possible. This combined measurement technique also opens the possibility of direct assessment of vibrational pumping and local heating in single-molecule electronic transport.
Our nanogap structures are fabricated on ∼ 1 cm 2 pieces of n+-doped Si wafer with 200 nm of thermal silicon oxide. The structures are defined using electron-beam lithography and e-beam evaporation of 1 nm Ti and 15 nm of Au. The initial nanoconstriction structure consists of two large pads connected by a single constriction as shown in Figure 1 . The constriction is approximately 500 nm long and 100-180 nm wide. Liftoff is performed in acetone or chloroform and the samples are then cleaned of organic residue by 1 minute exposure to O 2 plasma. For devices incorporating para-mercaptoaniline (pMA), samples are immediately placed in a 1 mM solution of pMA in ethanol. Samples are soaked in the pMA solution for 12 to 24 hours as pMA selfassembles on the Au surfaces, followed by an ethanol rinse to remove any excess pMA. We have also measured devices using a fluorinated oligophenylene ethynylene (FOPE) [31] that possesses a distinctive Raman spectrum (see Supporting Information). FOPE was assembled via standard base deprotection [32] from a 0.25 mg/mL solution of the thioacetate form of the molecules in 1:1 ethanol-chloroform solvent, prepared under dry N 2 gas.
The nanoconstrictions are converted into nanogaps via electromigration [33] , a thoroughly studied [34, 35] process dominated by momentum transfer from current-carrying electrons to mobile atoms in the metallic lattice. Electromigration has been used extensively to prepare electrodes for single-molecule conduction measurements, with typical yields of ∼ 10-20% for tunneling gaps inferred to contain individual molecules (based on statistics on thousands of junctions) [4, 5, 6, 8, 9, 10, 11, 12, 13, 14, 15, 17, 18] . Each gap is electromigrated with an automated procedure to form an atomic-scale constriction with a resistance of ∼3 kΩ, which is then allowed to break spontaneously [36] . While the atomic-scale details of each gap are different, gaps with measurable tunneling currents are formed routinely with high yield, and recent advances in it situ electron microscopy [34, 37] of an unanticipated complication: the illuminated, molecule-decorated nanogaps can also exhibit significant DC photocurrents due to optical rectification (to be described in a separate publication).
The large AC bias is needed so that the AC current is detectable without the DC current signal overloading the lock-in input stages. We find no evidence that the 100 mV RMS AC bias degrades the nanogap or the assembled molecules.
Optical measurements are performed using a WITec CRM 200 scanning confocal Raman microscope in reflection mode. Devices are illuminated by a 785 nm diode laser at normal incidence with a diffraction-limited spot. A 100x ultra-long working distance objective leaves sufficient room for the micromanipulated electrical probes to be inserted between the objective and sample.
As reported previously, the electromigrated nanogaps are outstanding substrates for SERS. [30] Initially, spatial maps of the underlying Si of unmigrated nanogaps are obtained to facilitate centering of the Raman microscope over the nanogap to within 100 nm. Spatial maps of the integrated molecular Raman signal after electromigration demonstrate the localization of the SERS hotspot ( Fig. 1D, E) . Raman spectra are taken with 1 s or 2 s integration times while the microscope objective is held fixed over the migrated junctions. Electrical measurements on unbroken constrictions
under various illumination conditions demonstrate that heating of the electrodes due to the laser is not significant. The inferred change in the electrode temperature at ∼ 0.5 mW laser power was less than 2 K (see Supporting Information).
When the conductance of the junction drops below the conductance quantum,
tunneling gap is formed, and simultaneous conductance and Raman measurements are performed.
In situ measurements of the optical response of nanogaps during migration are presented in Figure   2 . Even prior to complete nanogap formation, partially electromigrated junctions show SERS enhancement of the assembled molecules once the resistance exceeds about 1 kΩ. where the Raman intensity is also lowest. At F a switch from positive to negative correlation be-tween the Raman intensity and conduction occurs and carries over to regions G and H. At region I a small change in the mode structure is observed correlating with a switch to positive intensityconduction correlations, continuing through regions J and K. In region L there is a final change in mode structure resulting in negative intensity-conduction correlations exemplified in the three conduction spikes that occur when the Raman spectrum disappears.
It should be noted that our pMA spectra are typically dominated by the b 2 symmetry modes [38] , as was seen previously [30] . This is not surprising, as it is well accepted that b 2 symmetry modes experience additional "chemical" enhancements in comparison to a 1 symmetry modes. We often only observe the 1590 cm −1 a 1 symmetry peak and not the other expected a 1 mode at 1077 cm −1 .
Strong spectral diffusion in both molecules with shifts as large as ±20 cm −1 have also been observed, and are clear in Fig. 3b . This surely limits direct comparison to spectra reported elsewhere.
However, the measured spectra are quite consistent with one another and are qualitatively different than those seen in "bare" junctions contaminated by physisorbed exogenous carbon [30] .
One possible concern could be that changes in metal configuration at the junction are responsible for the fluctuations in tunneling conductance and SERS intensity. This scenario is unlikely for several reasons. First, tunneling conductances depend exponentially on gap geometry; while dI/dV could change by a factor of ten for a 0.1 nm change in gap separation, it is very unlikely that the electromagnetic enhancement would be as strongly affected. Second, it is not clear how metal rearrangement could explain the observed changes in Fig. 4 ; this would require that the gap itself alternately grow and shrink, with some changes in metal geometry giving large dI/dV features with small Raman effects and others vice versa. Finally, during the events in Figs. 3 and 4, the continuum emission at low wavenumbers observed previously due to inelastic light scattering from the metal electrodes [30] is constant in time (see Supporting Information).
Another concern is that changes in tunneling conduction in one part of the junction may alter the plasmon mode structure and affect Raman emission from elsewhere in the junction. Such a scenario could lead to correlations like those in Figs. 3 and 4 even if conduction and Raman emission are not from the same molecule. Given that the interelectrode conductance affects Raman emission ( Fig. 2) , it is important to consider this possibility. We have performed finite-difference time domain (FDTD) simulations of the optical properties of such junctions to assess this issue, and the results (vide infra) effectively rule out this concern. While the finite grid size (1 nm) required for practical computation times restricts the quantitative accuracy of these calculations, the main results regarding spatial mode structure and wavelength dependence are robust, and the 6 calculated electric field enhancements are an underestimate [30, 39] . G 0 measured in similar molecules by break junction techniques [3] .
The detailed SERS mode structure combined with the conductance contains a wealth of information about the bonding, orientation, and local environment of the molecule. With appropriate electronic structure calculations and theoretical estimates of the Raman tensor for candidate molecule/metal configurations, it should be possible to infer likely junction geometries and chemical structure corresponding to each type of Raman spectrum. Such calculations are very challenging even for the conductance distribution alone [40] .
These conductance/Raman observations and accompanying calculations demonstrate that electromigrated nanogaps between extended electrodes can achieve enhancements sufficient for singlemolecule SERS sensitivity. Given that these structures can be fabricated in a scaleable manner in predefined locations with high yields [30] , this may allow significant advances in SERS-based sens- To determine the effects of laser heating on nanogaps, unbroken constrictions were illuminated with various laser powers while the resistance was measured as seen in Figure S1A . To determine the laser power we measured the number of CCD counts per second in the Si 520 cm −1 peak.
At higher laser powers irreversible changes to the constriction occur as evident in the dropping resistance of the constriction when the laser power is held constant. We do not believe that such changes in the constriction will dramatically change our estimate of the laser heating. These laser powers are much higher than used in our conduction experiment where we expect about 50 CCD counts per second in the Si peak. From our measurements we determined the resistance of the constriction as a function of laser power as shown in Figure S1B using a linear least-squares fit.
The final resistance/laser intensity relationship of R = 1.35 × 10 −3 I laser + 180 Ω, where R is the resistance in Ohms and I laser the laser intensity in Si CCD counts/second, is based on the average of three different samples.
We then took different devices from the same sample chip and heated them in a probe station while measuring their resistance, as seen in Figure S1C . A linear fit was performed to determine the resistance as a function of temperature this time averaging over four samples. The final relationship was determined to be R = 0.11T + 85 Ω, where R is the resistance in Ohms and T is the temperature in Kelvin. Equating our two relationships we find that the change in temperature per CCD count in the Si peak is 0.012 K. At the laser power used in our conduction experiments (50 CCD counts/second) this lets us estimate a temperature change of 0.62 K due to illumination. Figure S2 is a second example of the evolution of SERS response during the electromigration process. As in Fig. 1 of the main manuscript, Raman response becomes detectable at the nanojunction once the electromigrated two-terminal resistance exceeds 1-2 kΩ. This implies that the localized interelectrode plasmon modes responsible for the enhanced local electric field are established before the junction is entirely broken. As discussed in the main text, a simple interpretation of this is that once the charge relaxation time across the nanoconstriction significantly exceeds the duration of an optical cycle, the coupling between the two sides of the junction is chiefly capacitive rather than conductive. where conductance changes appear to correlate with both changes in Raman intensity and with the onset of spectral diffusion of some modes. These data contain much information implicit about the orientation of the molecule, its bonding to the metal atoms of the electrodes, and the local chemical environment. A realistic theoretical treatment that encompasses these necessary ingredients is beyond the scope of this paper.
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II. ADDITIONAL EXAMPLES
III. CONTINUUM EMISSION AT LOW WAVENUMBERS
As mentioned in the text, in these electromigrated junctions there is enhanced continuum Ra- pMA sample. This device shows that the conduction may be correlated with spectral wandering rather than intensity changes in the Raman spectrum as is evident in the 2128 cm −1 mode. We observe spectral wandering changes between 25 and 55 s that appear to correlate with alterations in the conduction. At 160 s a drop in the overall background is observed that artificially lowers the intensity of all modes but has no effect on conduction. At 213 s the mode at 2128 cm −1 along with others vanishes and the conduction also drops significantly and returns along with the Raman modes at 220 s. Finally a strong shift in wavenumber for the peak at 2128 cm −1 is observed at 265 s corresponding with a drop in conduction at the same time.
The 2128 cm −1 mode has been shifted upward on the lower graph for clarity. 
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V. FDTD CALCULATIONS
The optical properties of the bowtie structure were calculated using the Finite-Difference TimeDomain method (FDTD) using a Drude dielectric function with parameters fitted to the experimental data for gold. This fit provides an accurate description of the optical properties of gold for wavelengths larger than 500 nm.
[S2] These calculations do not account for reduced carrier mean free path due to surface scattering in the metal film, but such an effect is unlikely to change the results significantly.
The bowtie is modeled as a two finite triangular structures as partially illustrated in Fig. 5, left inset, of the manuscript. Our computational method requires the nanostructures to be modeled to be of finite extent. The plasmon modes of a finite system are standing modes with frequencies determined by the size of the sample and the number of nodes of the surface charge distribution associated with the plasmon. For an extended system such as the bowties manufactured in this study, the plasmon resonances can be characterized as traveling surface waves with a continuous distribution of wavevectors.
Previous calculations of a series of calculations of bowties with increasing length reveals that the optical spectrum is characterized by increasingly densely spaced plasmon resonances in the wavelength regime 500-1000 nm and a low energy finite-size induced split-off state involving plasmons localized on the outer surfaces of the bowtie. For a large bowtie, we expect the plasmon resonances in the 500-1000 nm wavelength interval to form a continuous band. [S3,S4] To investigate the effects of a conductance shunting the nanoscale gap, FDTD calculations were performed for a bowtie with two semi-spherical protrusions in the junction as shown in the closeup in the inset of Fig. 5 of the main text. The electrodes are modeled as regular trapezoids of a height of 50 nm, and a 1 nm grid size was used. The conductance was modeled as a cubical volume 2 nm on a side located between the 6 nm radius asperity and the facing electrode, where the local field enhancement is maximized for modes relevant to the wavelengths used in the experiment.
The conductivity of the material was set to be frequency independent over the wavelength range of interest (as expected for tunneling), and chosen such that the conductance of that interelectrode link was the desired value. 
